Objective: To assess in-vitro effects of monocyte-derived macrophage (MDM) polarization into M1 and M2a cells on HIV-1 replication and transmission and obtain new insights into the potential importance of macrophage polarization in vivo.
Introduction
Mononuclear phagocytes, including monocytes, tissue macrophages and myeloid dendritic cells (mDCs), play a pivotal role in the establishment of HIV-1 infection in mucosal tissues [1] [2] [3] [4] [5] [6] . mDCs capture HIV-1 at sites of mucosal entry and migrate to lymph nodes, where they transmit virions to CD4 þ T cells [4, 7] . C-type lectins, such as dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin (DC-SIGN), play an important role in this process [8] [9] [10] . In contrast, macrophages are nonmigratory residential cells that play a local role in HIV-1 propagation. Unlike mDCs, macrophages are susceptible to productive HIV-1 infection by CCR5-dependent (R5) viruses [11] and, upon infection, accumulate newly synthesized virus in subcellular compartments. These virions can be transferred to susceptible CD4 þ T cells following formation of virological synapses [6, 12, 13] .
Macrophages are characterized by extensive diversity and plasticity, and can be transiently polarized into functionally distinct subsets including M1 (via toll-like receptor ligands or IFN-g) and M2a (via IL-4 or IL-13) cells. M1 macrophages produce proinflammatory cytokines, promote Th1 responses and display microbicidal and tumouricidal activity. M2a produce IL-10, express scavenger and mannose receptors, promote Th2 responses and tissue repair, and have immunoregulatory functions [14] [15] [16] . Functional polarization of macrophages plays an important role in the maintenance of tissue microenvironments and resolution of inflammation [16] . Under pathological conditions, M1 polarization has been associated with viral infections, steatosis, arthritis, atherosclerosis, diabetes and antitumour effects, whereas M2a polarization has been linked to asthma, helminth infections and cancer progression [15, 16] . Therapeutic strategies exploiting functional macrophage polarization into M1 or M2a cells are currently being explored [17] .
We have previously shown that HIV-1 replication is inhibited in M1 and M2a macrophages compared with control MDM [18] . In the current study, we report that M2a-MDM, in contrast to M1-MDM, express high levels of DC-SIGN. Furthermore, we show that upregulation of DC-SIGN is associated with an increased ability of M2a cells to bind and be infected by HIV-1, and transmit virus to autologous CD4 þ T cells despite of low CD4 cell expression.
Materials and methods

Reagents
Human recombinant tumour necrosis factor-alpha (TNF-a), interferon-gamma (IFN-g) and interleukin-4 (IL-4) were from R&D Systems (Minneapolis, Minnesota, USA); IL-2 from Boehringer (Mannheim, Germany); D-MEM, PBS, foetal bovine serum (FBS), normal human serum (NHS), penicillin, streptomycin and glutamine from Cambrex (Verviers, Belgium). mAbs were from the following sources: anti-CD18 FITC clone MEM-48, anti-HLA-DR PE clone MEM-12, anti-CD14 PE clone MEM-18 and anti-CD4 FITC clone MEM-115 from Immunotools (Friesoythe, Germany); CD209 anti-DC-SIGN PE clone 120507 and anti-CD163 PE clone 215927 from R&D Systems; anti-CD16 PE-Cy5.5 clone 3G8 and anti-CD206 PE clone 3.29B1.10 from Beckman Coulter (Miami, Florida, USA); anti-CD80 FITC clone 2D10.4 and anti-CD86 PE clone IT2.2 from eBioscience (San Diego, Caifornia, USA); blocking Leu3a anti-CD4 mAb from BD Biosciences, (San Jose, California, USA). RETROtek P24 ELISA was from ZeptoMetrix (Buffalo, New York, USA).
Isolation and differentiation of monocytes into monocyte-derived macrophage Monocytes were differentiated as previously reported [18] . Peripheral blood mononuclear cells (PBMCs) were isolated from HIV-1 seronegative donors by Ficoll-Hypaque density gradient centrifugation. Monocytes were separated by adherence to plastic at 378C and differentiated in a complete medium (D-MEM along with 10% FBS and 5% NHS) for 7 days at 378C in 5% CO 2 (!95% CD14 þ cells). MDMs were stimulated with TNF-a along with IFN-g (2 and 20 ng/ml, respectively) or IL-4 (20 ng/ml) for 18 h to obtain M1 or M2a polarized cells, respectively. Following polarization, M1, M2a, and control MDM were washed and incubated in cytokine-free complete medium as described [18] .
Phenotypic analysis
Polarized and control MDMs were detached by incubation with cold EDTA/PBS for 30 min at 48C and scraping with a rubber policeman. Following detachment, MDMs were preincubated for 15 min at 48C in a complete medium (10% FCS and 5% NHS) to prevent nonspecific binding, incubated for 30 min at 48C with specific mAb, washed and fixed with 2% paraformaldehyde (PFA) for flow cytometric analysis. MDMs were identified on the basis of forward and side scatter characteristics followed by one-colour or twocolour immunofluorescence analysis using a CYAN ADP flow cytometer (DakoCytomation). Immunophenotyping of control, M1 and M2a cells was performed 18 h after polarization and at days 3 and 7 post-polarization. Results were analysed using FlowJo version 8.4.6 (Tree Star Inc., Ashland, Oregon, USA) and reported as the percentage of positive cells.
HIV-1 binding to monocyte-derived macrophage After polarization, MDMs were washed and incubated for 2 h at 4 o C with an R5 reference strain HIV-1 BaL at a multiplicity of infection of 1 (moi ¼ 1) or with replication-competent recombinant NL4-3 viruses expressing macrophage-tropic R5 primary HIV-1 envelopes (Env) from ADA and YU2 clones or brain-derived UK7BR1 and UK1BR15 clones using 100 ml of virus stock corresponding to 10 000 3H cpm of reverse transcriptase activity (equivalent to $10 ng HIV p24) per 2.5 Â 10 5 cells [19, 20] . The cells were then washed to remove unbound virus and lysed in 50 ml of lysis buffer 708 AIDS 2013, Vol 27 No 5 (ZeptoMatrix); HIV-1 p24 Gag was quantified using the RETROtek P24 antigen ELISA. To measure the relative amount of virus bound to CD4 and DC-SIGN, MDMs (0.25 Â 10 6 cells/well in quadruplicate) were preincubated in complete media to prevent nonspecific antibody binding and then with either Leu3a (20 mg/ml) and/or anti-CD209 (20 mg/ml) [21] for 20 min at room temperature prior to HIV-1 exposure.
Quantification of HIV-1 DNA Control, M1-MDM and M2a-MDM were polarized for 18 h, washed and infected with HIV-1 BaL (moi ¼ 0.1) that was previously treated with RNAse-free DNAse. An aliquot of cells were immediately washed five times and nucleic acid carry over with the viral stock was verified and excluded by PCR. After 48 h incubation in complete medium [22] , MDMs (1 Â 10 6 cells) were harvested, washed, resuspended in lysis buffer containing polyoxyethylene (0.1%), lauryl ether 10 mol/l (Sigma) along with proteinase K (0.1 mg/ml) and digested for 2 h at 658C; proteinase K was heat-inactivated for 15 min at 958C [23] . Quantitative real-time PCR amplification of HIV-1 gag DNA was performed using a primer/probe combination that detects all viral DNA synthesized after second-strand transfer including both unintegrated and integrated DNA species [18] . To determine the relative contribution of CD4 and DC-SIGN to virus entry, MDMs were preincubated with 15% serum (10% FCS, 5% NHS) for 15 min at 4 o C and subsequently with Leu3a or CD209 mAb (20 mg/ml each) for 20 min at room temperature.
Transmission of CXCR4 or CCR5-dependent HIV-1 to activated T cells
To evaluate the effects of functional polarization on the ability of MDM to transmit HIV-1 to autologous CD4 þ T cells, MDMs were incubated for 2 h at 37 o C with either HIV-1 LAI/IIB , an X4 viral strain that does not replicate efficiently in MDM [24, 25] , or with replicationcompetent recombinant NL4-3 viruses expressing R5 primary Envs that efficiently replicate in MDM. After washing, MDMs were cocultured with 7-day-old autologous monocyte-depleted PBMC (predominantly T cells) at a 1 : 1 ratio. After 6 h coculture in medium enriched in IL-2 (20 U/ml), PBMCs were removed, seeded in RPMI 1640 containing 10% FBS and IL-2, and maintained in culture for 12 additional days. Supernatants were collected every 3 days and stored at À208C for analysis of Mg 2þ -dependent reverse transcriptase activity or HIV-1 p24 Gag levels [18] .
Statistical analysis
Statistical analyses were performed using Prism 5 from GraphPad Software (La Jolla, California, USA). Results are reported as means þ SD. Multivariate analyses comparing control, M1-MDM and M2a-MDM were conducted using one-way analysis of variance (ANOVA) and Tukey post-test or paired t-test. P values less than 0.05 (P < 0.05) were considered significant. To control for interdonor variability, all assays were performed in triplicate using MDM derived from four to eight independent donors.
Results
Differential expression of activation, differentiation and T-cell costimulatory markers on the surface of M1-MDM, M2a-MDM and control monocyte-derived macrophage We previously reported that M1 and M2a polarization has no effect on CCR5 expression and leads to downregulation of CD4 and CXCR4 [18] . Here, we investigated the effects of polarization on expression of markers of macrophage differentiation (CD14, CD16, CD18, CD163), cellular activation (HLA-DR), T-cell costimulation (B7.1/CD80, B7.2/CD86) and HIV-1 transmission to CD4 þ T cells [DC-SIGN (CD209), mannose receptor (CD206)]. As previously reported [18] , M1, and to a lesser extent M2a, polarization resulted in a significant reduction in the percentage of CD4-positive cells (Fig. 1a ). In contrast, the percentage of CD16 (FcgRIII) and CD163-positive cells was significantly lower in M1-MDM than in control and M2a-MDM (Table 1) . CD14, CD18, CD80, CD86 and HLA-DR were not significantly affected by MDM polarization.
The expression of DC-SIGN and CD206, molecules implicated in cell-mediated transmission of HIV-1 from monocytes, MDM and mDC to T cells [8, 9, 26, 27] , was differentially affected by macrophage polarization. CD206, similar to CD16 and CD163, was expressed on the majority of control and M2a MDM and minimally expressed on M1-MDM. In contrast, DC-SIGN was expressed on 5-17% of control MDMs; it was almost undetectable on the surface of M1-MDM and was expressed by most M2a-MDM (nine-fold increase in the percentage of cells expressing DC-SIGN above background, Table 1 , Fig. 1a and b). Thus, among cell surface molecules investigated in this study, DC-SIGN (and not CD206) was the best marker for discriminating among control, M1-MDM and M2a-MDM.
Anti-dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin mAb reduces HIV-1 binding to M2a-MDM, but not to M1-MDM or control monocyte-derived macrophage DC-SIGN, when expressed on dendritic cell, serves as a high-affinity attachment molecule for various pathogens including HIV-1 [9, 27] . In order to investigate whether MDM can also bind HIV-1 via DC-SIGN, we incubated MDM with HIV-1 BaL (moi ¼ 1) at 4 o C to prevent virus entry; we then measured the amount of HIV-1 p24 Gag antigen attached to the cell surface. Both control and polarized MDM bound HIV-1 BaL (Fig. 2a) , with control and M2a-MDM exhibiting higher mean levels of binding than M1-MDM (35.7 AE 3.7 vs. 34.9 AE 5.8 vs. 29.6 AE 3.9 pg/ml of HIV-1 p24 Gag, respectively, P < 0.05; n ¼ 8). Incubation of these MDM populations with Leu3a, an anti-CD4 mAb that interferes with HIV-1 binding CD4, led to a mean 47% decrease (interdonor range: 36-67%) of virus binding to control MDM, but had no effect on HIV-1 binding to either M1-MDM and M2a-MDM, presumably due to the low-level expression of CD4 on both polarized MDM ( Fig. 2b , as reported) [15] . In contrast, preincubation with anti-DC-SIGN mAb led to a mean 52.5% (interdonor range: 29-74%) reduction in the amount of HIV-1 bound to M2a-MDM, but had no effect on virus binding to both control and M1-MDM ( Fig. 2b ). Preincubation with a combination of anti-DC-SIGN and anti-CD4 mAbs failed to induce any further decrease in HIV-1 binding to control, M1-MDM or M2a-MDM, when compared with MDM subsets preincubated with only anti-CD4 or anti-DC-SIGN mAbs (Fig. 2b ). This finding is consistent with the paucity of DC-SIGN on control and M1-MDM and of CD4 on M2a-MDM ( Fig. 1a ) [28] .
To [ 19, 20] . Control, M1-MDM and M2a-MDM bound equal levels of these viruses. Preincubation with anti-DC-SIGN mAb led to a mean 29%, 35% and 45% reduction in HIV-1 binding to M2a-MDM by ADA, YU2 and UK1BR15 envelopes, respectively, whereas binding of UK7BR1 was not affected by pretreatment with anti-DC-SIGN mAb (Fig. 2c) .
Dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin facilitates accumulation of HIV-1 DNA in M2a-MDM, but not in M1-MDM or control MDM As DC-SIGN has been shown to enhance cisand transmediated infection of dendritic cell and cell lines [27, 28] , we investigated whether DC-SIGN could also facilitate entry of HIV-1 into M2a cells. Polarized and control MDM were infected with HIV-1 BaL and levels of HIV-1 DNA synthesized were quantified by real-time PCR after 48 h of infection, an estimated time required to complete a single round of virus replication in these cells [22] .
MDM polarization inhibited HIV-1 replication in polarized vs. control cells (Fig. 3a) , as previously reported [18] . Blockade of DC-SIGN in control MDM led to an average 40% increase in HIV-1 DNA (Fig. 3b ). As expected, anti-DC-SIGN mAb did not affect HIV-1 DNA synthesis in M1-MDMs, which express only negligible amounts of DC-SIGN and CD4. As reported [18] , HIV-1 DNA levels in M2a-MDM were equivalent to those of control MDM, indicating that there was no impairment of viral entry or DNA synthesis in spite of lower levels of CD4 expression than those of control MDM. Incubation of M2a-MDM with anti-DC-SIGN mAb prior to infection resulted in a mean 24% decrease in HIV-1 DNA (Fig. 3b ), whereas pretreatment with anti-CD4 mAb completely blocked infection. These findings are consistent with previous studies demonstrating that DC-SIGN alone cannot mediate HIV-1 infection but rather facilitates entry via a CD4-dependent mechanism [27] .
Dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin expression on
M2a-MDM correlates with rapid and efficient transfer of X4 and R5 HIV-1 to CD4 R T cells Several studies have shown that DC-SIGN expressed on the surface of dendritic cell, breast milk macrophages, activated B-lymphocytes and transfected cell lines (DC-SIGN þ /CD4 þ cells) can capture HIV-1 and trans-infect CD4 þ T lymphocytes [8, 29] . Therefore, we investigated whether M2a-MDMs also possess an increased capacity to transfer HIV-1 to CD4 þ T cells independent of their productive infection. To investigate this possibility, MDM were incubated for 2 h at 378C with HIV-1 LAI/IIIB , an X4 strain incapable of establishing productive infection in MDM [24, 25] . Cells were then thoroughly washed and cocultivated with autologous monocyte-depleted, IL-2activated PBMC (mainly T cells, referred to hereafter as 'T cells'). After 6 h of coculture, the nonadherent T cells were removed and incubated an additional 12 days in a medium enriched with IL-2. As expected, no X4 virus replication was detected in control, M1-MDM or M2a-MDM ( Fig. 4a ). However, M2a-MDM exposed to X4 HIV-1 could mediate trans-infection and establishment of productive infection in T cells more efficiently than either control or M1-MDM (Fig. 4a ). Preincubation with anti-DC-SIGN mAb before exposure to HIV-1 resulted in a near complete inhibition of the ability of M2a cells to trans-infect T cells, but had no significant effect on virus transmission by control or M1-MDM (Fig. 4b) . However, given the limits of sensitivity of the reverse transcriptase assay, we cannot exclude the possibility of low levels of viral replication that were not blocked by anti-DC-SIGN mAb in these M2a cell transfer experiments.
Finally, we tested whether control, M1-MDM and M2a-MDM could transfer R5 HIV-1 to activated T cells in a DC-SIGN-dependent manner using a panel of macrophage-tropic viruses (AD8, YU2 and UK1BR15) shown to bind to DC-SIGN in the preceding experiments ( Fig. 2c) . Unlike HIV-1 LAI/IIIB , control, M1-MDM and M2a-MDM transferred similar levels of these R5 viruses, resulting in the establishment of low-level R5 virus replication in activated T cells. As observed with the X4 virus, anti-DC-SIGN mAb partially blocked HIV-1 transmission from M2a-MDM, but not from control or M1 cells, to T cells (range: 23-32%; Fig. 4c ).
Discussion
In this study, we examined the effects of M1 and M2a polarization on the expression of membrane receptors that play a role in propagation and pathogenesis of HIV-1 in mucosal tissues. Of the molecules examined, only DC-SIGN, a C-type lectin involved in the attachment and transfer of infectious virions from dendritic cell to CD4 þ T cells [8, 9, 21] , exhibited a strong differential response to M1 vs. M2a polarization. DC-SIGN was markedly upregulated on the surface of M2a-MDM and downregulated to near-undetectable levels on that of M1-MDM, a pattern that was maintained for at least 7 days post-polarization. The upregulation of DC-SIGN was associated with increased accumulation of HIV-1 DNA in M2a-MDM, potentially compensating for low levels of CD4 on the surface of these cells. In addition, DC-SIGN þ M2a-MDM showed a superior efficiency in transmitting either R5 or X4 viruses compared with control or M1-MDM, thus mimicking mDC in their capacity to bind and transmit HIV-1 to CD4 þ T cells [27] . Together, these findings suggest that M2a macrophages may play an important role in local propagation of HIV-1 in tissues favouring T H 2 microenvironments. There has been limited success in identifying phenotyperestricted markers of human macrophage polarization that can be used as research and clinical tools [15] . Here, we identified several markers, including CD16, CD163 and CD206, which showed modest differential expression in M1 vs. M2a cells. However, DC-SIGN (CD209) was the only receptor significantly and differentially affected by M1 and M2a polarization compared with unpolarized control cells. The strong upregulation of DC-SIGN on the surface of M2a-MDM is consistent with an independent study showing that long-term (5 days) stimulation of MDM with IL-4 is associated with increased DC-SIGN mRNA and protein expression [30] . Similarly, exposure of breast milk macrophages to IL-4 leads to increased DC-SIGN expression [31] . Other investigators reported that DC-SIGN expression on monocytes and macrophages is regulated by specific cytokines and dependent on activation of signal transducer activator of transcription 6 (STAT6), typically induced by IL-4 and IL-13 stimulation [32] [33] [34] .
Conversely, IFN-a and IFN-g have been shown to suppress DC-SIGN expression via inhibition of tyrosine phosphorylation and nuclear translocation of STAT6 [33, 34] . Thus, a better understanding of mechanisms regulating DC-SIGN expression on MDM may lead to new insights for modulation of M2a responses.
We have previously shown that M1 and M2a polarization inhibits productive R5 HIV-1 infection (whereas X4 infection was not observed in either polarized or unpolarized MDM) [18] . M1 restriction occurs at an early, preintegration level and is associated with strong downregulation of CD4, whereas M2a-associated restriction occurs later without affecting HIV-1 DNA synthesis and accumulation [18] . Here, we found that blockade of express high CD4 and low DC-SIGN) [27] . Upregulation of DC-SIGN on M2a-MDM may compensate for low CD4 by facilitating binding and receptor/coreceptor-mediated virus entry) [28] . This interpretation is supported by a study [35] showing that gp120 Env binding to DC-SIGN enhances access to the CD4binding site. Increased expression of DC-SIGN on M2a-MDM may also promote oligomerization of DC-SIGN, or changes in the configuration of CD4/CCR5/DC-SIGN complexes [28] .
In addition to enhancing HIV-1 DNA accumulation via cis-infection and/or trans-infection of adjacent M2a-MDM, DC-SIGN þ M2a cells rapidly (6 h) transferred X4 HIV-1 to T cells. M2-MDM also efficiently transmitted R5 HIV BaL and recombinant NL4-3 viruses expressing both ADA and YU2 Env, but not R5 brainderived Env. These differences likely reflect heterogeneous N-linked glycosylation of primary HIV Env glycoproteins, which effects lectin receptor binding [36] . Unlike X4 HIV-1 IIIB , anti-DC-SIGN Abs only partially blocked R5 virus transmission. This finding is consistent with a study by Chehimi et al. [30] , indicating that anti-DC-SIGN Ab neutralized 39-48% of MDM-T cell transmission. In addition, Chehimi's study showed that mannin blocked transmission by 67-75%, suggesting that other C-type lectins including the macrophage mannose receptor likely contribute to HIV-1 transmission to T cells [30] . In longterm coculture (72 h), these authors did not observe a significant increase in X4 HIV-1 transmission from IL-4stimulated MDM to Sup-T1 T-cell lines. This discrepancy may reflect either the use of Sup-T1 cells vs. IL-2stimulated PBMC in our study, differences in duration of coculture or technical variants in the MDM differentiation protocol. In fact, Saidi et al. [37] , using long-term (6-day) coculture conditions, demonstrated DC-SIGN-dependent transfer of R5 HIV-1 from IL-4-stimulated MDM to both activated and nonactivated T cells. Thus, M2a macrophages may mimic dendritic cell in their ability to transmit HIV-1 to CD4 þ T via DC-SIGN.
Additional investigations are required to determine the in-vivo significance of our findings. Upregulation of DC-SIGN on M2a-MDM raises the possibility that this receptor may play a role in the M2/T H 2 axis of immunity [30, 38] . In vivo, DC-SIGN has been detected on dendritic cell and on a select subset of specialized macrophages in the lung and placenta, organs with T H 2biased microenvironments [21, 39] . Consistent with this idea, a central feature of pathogens that interact with DC-SIGN, such as Schistosoma mansoni, Leishmania parasites and Mycobacterium tuberculosis, is their capacity to modulate the T H 1/T H 2 cell balance, leading to establishment of persistent infections [40] .
In summary, our study demonstrates in-vitro conditions that induce persistent upregulation of DC-SIGN on MDM and the capacity of DC-SIGN þ M2a-MDM to bind and facilitate HIV-1 infection in M2a cells and primary T-cells, respectively. Macrophages are well represented in T H2 -inducing environments such as the lung and gastrointestinal tract [41, 42] and may play an important role not only in transmission of HIV-1 but also in the establishment or expansion of viral reservoirs. Thus, targeting of DC-SIGN may provide an important tool for prevention and treatment of HIV-1 and other infectious agents that exploit DC-SIGN for survival and spread in humans.
